2
6 chloroform:methanol:9.8mM CaCl 2 (60:35:8, vol:vol:vol) as the developing solvent, and resorcinol staining. Ganglioside GM2 was identified using an authentic standard.
Hexb brain microsomes
Hexb mice were sacrificed after 3-4 months, their brains removed, separated into cerebral cortex and cerebellum, rapidly frozen in liquid N 2 , and stored at -80°C; in one set of experiments, microsomes were prepared from embryonic day 17 (E17) mouse cortices. Cortical microsomes (from 12-25 mice) were prepared essentially as described (16) with some modifications. Tissue was suspended at a ratio of 1:4 (wt/vol) in ice cold 0.32 M sucrose, 20 mM HEPES-KOH, pH 7.0, containing 0.4 mM phenylmethylsulfonylfluoride, leupeptin (0.8 µg/ml) and aprotinin (1.4 TIU) (buffer A), and homogenized at 4°C using 8 up and down strokes of a rotating Potter-Elvehjem homogenizer. After centrifugation (700 g av , 10 min), the resulting pellet (P1) was gently resuspended in 1/4 of the original volume of buffer A, centrifuged (700 g av , 10 min), and the two supernatants pooled (S1). Mitochondria were removed by centrifugation (8,000 g av , 45 min) of S1 and the resulting supernatant (S2) centrifuged (115,000 g av , 90 min) to obtain a microsomal pellet (P3), which was resuspended in 0.4-0.8 ml of buffer A. Protein was determined (17) and the microsomes subsequently flash-frozen in liquid N 2 . Microsomes were stored at -80°C and used for up to several weeks after their preparation, during which time there was no change in their activity with respect to Ca 2+ -release and uptake.
Spectrophotometric assay of Ca

2+
-uptake Ca 2+ -uptake was measured by a spectrophotometric assay using the Ca 
Kinetic assay of SERCA
Ca
2+
-uptake by SERCA was determined radiometrically using a rapid filtration technique (21) . Mouse cortical microsomes (350 µg protein) were incubated at 37°C in 1.5 ml of buffer B (40 mM imidazole, pH 7.0, 100 mM KCl, 5 mM MgCl 2 , 5 mM NaN 3 , 5 mM potassium oxalate, 0.5 mM EGTA, 1 µM ruthenium red (21) (which blocks spontaneous Ca The kinetic coefficients of Ca 2+ -uptake were calculated according to (25), (eqn. 1), where V max is maximum velocity, K Ca is the concentration required for half-maximal activation, and n is the equivalent of the Hill coefficient), using non-linear regression analysis (Origin 5.0, MicroCal Software, Inc.). The K ATP was obtained by Michaelis-Menten analysis.
Reverse transcription-polymerase chain reaction (RT-PCR)
Total cellular RNA was prepared from individual cortices using the TRI reagent (MRC, Cincinnati, OH) or from ~0.5 x 10 6 neurons (see below) grown on 24 mm cover slips using the RNeasy Mini Kit (Qiagen, Hilden, Germany) according to manufacturers' instructions. The reverse transcription-polymerase chain reaction (RT-PCR) was performed as described (26) 
Sodium dodecyl sulfate polyacrylamide gel electrophoresis and Western blotting
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting was performed as described (27) using a 6% separating gel. After transfer to nitrocellulose membranes, the blot was incubated with blocking buffer (Tris-buffered saline containing 3% (w/v) non-fat dried milk, 1% (w/v) bovine serum albumin and 0.1% Tween 20) for 20 min and then incubated with an anti-SERCA2 antibody at a dilution of 1/100 in blocking buffer for 2 h. Bound antibodies were detected after washing using 25 ng/ml horseradish peroxidase-conjugated rabbit anti-goat secondary antibodies in blocking buffer for 1 h and the SuperSignal chemiluminescent detection reagent (Pierce, Rockford, IL).
Neuronal Ca
2+ -uptake
Embryos (embryonic day 17) were isolated, the hippocampi removed and hippocampal pyramidal neurons cultured as described (7) -free medium (minimal essential medium containing 50 mM HEPES (pH 7.3), 4 mM NaHCO 3 , 11 mg/ml pyruvic acid, 1 mM glutamine and 0.6% (w/v) glucose (30)), and transferred to a new dish containing the same medium. After 25 min at 37˚C, neurons were incubated with the calcium ionophore A23187 (1 µM) (31) for 5 min, prior to addition of 1 µCi 45 Ca 2+ for 30 sec at 37˚C (32). The reaction was terminated by removing coverslips from the wells, washed by dipping 5-times in Ca 2+ -free medium, and then placing in 0.65 ml NaOH (0.5 M) for 3 h. 45 Ca 2+ was further extracted by adding NaOH for 16 h, and then for another 2 h. NaOH extracts were pooled and 45 Ca 2+ determined by liquid scintillation counting.
Neuronal cell death
Neurons were plated at a density of 25,000 cells per 13 mm cover slip in a 24-multiwell dish.
Live and dead cells were distinguished using 2 µM calcein acetoxymethyl ester and 4 µM ethidium homodimer-1, respectively, as described in a Live/Dead
Results
Previous studies have shown that GM2 accumulates in adult Hexb-/-mouse brains (5). We now examine GM2 accumulation throughout brain development. Even at the earliest age measured, embryonic day 10, small but significant levels of GM2 were detected (7.6 ± 0.4 µg/10 mg dry weight), which increased to levels of 162 ± 8 µg/10 mg dry weight in 3-month-old mice (Fig. 1A) , whereas no GM2 could be detected at any stage in Hexb+/+ brains. Significant amounts of GM2 were also detected in microsomes prepared from 3-4 month-old Hexb-/-mice, but essentially no GM2 was detected in microsomes from Hexb+/+ mice (Fig. 1B) . A significant decrease in GM2 accumulation (Fig. 1B) was observed in microsomes from 120-day-old Hexb-/-mice that had been fed with NB-DNJ, similar to that previously reported for whole brain (12) .
We recently proposed that changes in Ca -release channels in the endoplasmic reticulum (ER) (not shown). In contrast, the rate of Ca 2+ -uptake was reduced by ~5-fold in microsomes from Hexb-/-compared to Hexb+/+ mice ( Fig. 2A) , and remarkably, was almost completely normal in microsomes from Hexb-/-mice fed with NB-DNJ (Fig. 2B) . These results suggest a causal relationship between GM2 levels and rates of Ca 2+ -uptake via SERCA. Although we cannot formally exclude the possibility that NB-DNJ by itself effects SERCA activity in vivo, there is no indication from clinical studies (34) or from studies in cell culture (35) that NB-DNJ has any effect on Ca 2+ -homeostasis,and moreover, no changes are observed in GM2 levels in wild type mice fed NB-DNJ (36). A causal relationship between GM2 levels and SERCA activity was supported by a similar reduction in the rate of Ca 2+ -uptake in Hexb+/+ microsomes incubated with exogenously-added GM2 (Table 1) .
Two other monosialogangliosides, GM3 and GM1, also reduced the rate of Ca 2+ -uptake, but to a smaller extent than GM2 (Table 1) .
To determine the mechanism by which GM2 affects SERCA activity, we analyzed the initial rate of Ca 2+ -uptake by a radiometric assay using a rapid filtration technique (21) . The V max of SERCA was 3.70 ± 0.12 nmol Ca (Fig.   3A) , and there was a small but non-significant reduction in the K ATP (140 ± 40 µM for Hexb+/+ and 80 ± 20 µM for Hexb-/-) (Fig. 3B) . Thus, GM2 affects the V max of SERCA but not its affinity towards Ca 2+ or ATP. The reduction in V max was not due to transcriptional regulation of SERCA since there were no changes in mRNA expression in brain for the SERCA2 isoforms 2 (the predominant isoform in brain (37)) (Fig. 4A) , and no change in SERCA2 protein levels in microsomes (Fig. 4B) .
We next examined the functional significance of the reduced rate of Ca 2+ -uptake via SERCA. Hexb-/-microsomes were significantly more sensitive to calcium-induced calcium release (CICR) than Hexb+/+ microsomes or microsomes from Hexb-/-mice fed with NB-DNJ (Fig. 5A,   B ), suggesting that elevated cytosolic Ca Hexb-/-microsomes (Fig. 5C, D) , an effect that was again prevented in Hexb-/-microsomes from NB-DNJ-fed mice. To determine whether the enhanced sensitivity to thapsigargin might be of functional significance for neuronal viability, we examined the effect of thapsigargin on neurons cultured from E17 Hexb mice. No changes in mRNA expression of SERCA2 was detected in hippocampal neurons (Fig. 4A) . Even in neurons from these young mice, a significant reduction in the rate of Ca 2+ -uptake into the ER of live neurons was observed (Fig. 6A ) and the rate of Ca 2+ -uptake into E17 microsomes was also decreased by ~50% (Fig. 6B) . Note that the specific activity of SERCA in embryonic microsomes was ~50-fold lower than in adult microsomes (compare Figs.
2B and 6B), implying that the small but significant amounts of GM2 that accumulates in E17 brain (Fig. 1) , and in cultured neurons from E17 embryos (7), is sufficient to account for the reduction in SERCA activity. Intriguingly, neurons cultured from Hexb-/-mice were more sensitive to thapsigargin-induced neuronal cell death than Hexb+/+ neurons, supporting our contention that changes in cytosolic Ca 2+ levels resulting from inhibition of SERCA activity by GM2 may be involved in the molecular mechanism(s) causing neuronal pathophysiology in Sandhoff disease.
Discussion
The major finding of the current study is that ganglioside GM2, upon its accumulation in neuronal tissues from Hexb-/-mice, affects the rate of Ca Two previous studies have demonstrated that exogenously-added gangliosides modulate SERCA activity in rabbit sarcoplasmic reticulum (46, 47) , but ours is the first to show a direct physiological link between endogenous ganglioside accumulation and neuronal cell death mediated via SERCA. In the previous studies, GM1 inhibited rabbit sarcoplasmic reticulum SERCA whereas GM3 activated SERCA (47), via a mechanism that was proposed to involve the compactness of the hydrophilic and hydrophobic domains. In our study on mouse brain SERCA, GM1 and GM3 both inhibited SERCA, although exogenously-added GM3 had a slight stimulatory effect at higher concentrations (i.e. 50 µM) (not shown). Irrespective of the effects of GM3 and GM1, our data unambiguously demonstrate that GM2 has a potent inhibitory effect on SERCA activity, and that neurons which accumulate endogenous GM2 are more sensitive to thapsigargin-induced neuronal cell death, via a pathway that may be amplified in neurons by their enhanced sensitivity to CICR.
We previously demonstrated that endogenous GM2 accumulation in Hexb-/-neurons results in reduced rates of axonal and dendritic growth, but no changes in viability under non-stress conditions (7). Interestingly, an inverse relationship exists between cytosolic Ca 2+ levels and rates of axon outgrowth (48) , suggesting a mechanistic link between GM2 accumulation, SERCA activity, cytosolic Ca
2+
, and axonal outgrowth. Clearly, modulation of SERCA activity, either directly or indirectly by GM2, is the critical step in this pathway, and a crucial question concerns whether the intracellular GM2 that accumulates in Hexb-/-brains is accessible to SERCA in neurons since gangliosides are not normally considered to reside in the ER, as they are synthesized distal to the ER in the Golgi apparatus. Our observation that GM2 is readily detectable in the same microsomes used to analyze SERCA activity lends support to the possibility that SERCA could be directly modulated by GM2. It should be noted that other gangliosides affect intracellular organelles other than those in which they reside or are degraded. For instance, ganglioside GD3 traffics to mitochondria where it affects mitochondrial function (49).
To date, no molecular mechanism has been provided to explain the neuropathophysiology in Sandhoff disease. Microglial activation precedes acute neurodegeneration in Hexb-/-mice, with elevation of various genes related to a macrophage-mediated inflammatory response (50,51), although the initiating signal for microglial activation is not known. Our data suggest that a downstream response to changes in cytosolic Ca 2+ levels might initiate a stress response (52), which may subsequently act as an initiating signal for the neuroinflammatory response. Interestingly, the inflammatory response pre-dates symptom onset in Hexb-/-mice (53), and changes in SERCA activity can be detected in mice as young as embryonic day 17, even though no symptoms of Hexb-/-mice that were fed NB-DNJ, and ganglioside GM2 visualized by resorcinol. experiments is shown. B. Western blotting using an anti-SERCA antibody was performed on three different microsomal preparations from each Hexb-/-and Hexb+/+ brain (100 µg of protein), or from rat heart (20 µg of protein); note that even though SERCA2 is the predominant SERCA isoform in brain, its levels are much lower than in heart microsomes. 
